SUMMARY Fourteen patients with double inlet left ventricle and nine patients with tricuspid atresia had biplane left ventricular angiography with simultaneous measurement ofleft ventricular pressure by micromanometer. Age distribution, haemodynamic function, and previous palliative operation were similar in the two groups. Left ventricular volumes were calculated frame by frame throughout the cardiac cycle by Simpson's rule. The end diastolic volume index was similar in the two groups, but the ejection fraction was significantly lower in tricuspid atresia. Left ventricular peak filling and emptying rates were also lower in tricuspid atresia, although heart rates in the two groups were similar. End diastolic shape index was significantly higher in patients with tricuspid atresia, indicating a more globular shape, and changed less during systole, suggesting differences in the mechanism of ejection between the two groups. Analysis of pressure-volume loops showed normal phase relations between pressure and volume, but systolic stroke work was reduced in tricuspid atresia and correlated with stroke volume and shape change.
Various radical palliative procedures based on Fontan's original operation have been introduced to correct the circulation in patients with tricuspid atresia or double inlet left ventricle. ' Accepted for publication 16 May 1988 patients with tricuspid atresia than in patients with double inlet left ventricle undergoing modified Fontan procedures.8
We studied left ventricular function in a group of patients with double inlet left ventricle and compared these results with similar measurements in patients with tricuspid atresia in order to explore the possible causes of any differences between the two groups and to assess the influence of ventricular function on the outcome of corrective surgery.
Patients and methods

TERMINOLOGY
The segmental approach to the classification of univentricular hearts has been described in detail elsewhere.9 In hearts with a univentricular connection the atrial chambers connect either entirely or predominantly to one ventricle. In all patients in this study the atria connected to a main chamber of left ventricular morphology and the right ventricle was rudimentary.
Patients were described as having double inlet left
Left ventricular function in double inlet left ventricle before the Fontan operation 325 ventricle when one atrioventricular valve and more than 50% of the other valve were connected to a morphologically left ventricle. Under these circumstances one or other of the atrioventricular valves may be stenotic, imperforate, straddling, or overriding; these additional abnormalities are described separately (table 1) . When there was a common atrioventricular valve the connection was said to be double inlet when > 75% ofthe valve was connected to the left ventricle.
The other group had classic tricuspid atresia, that is absence of the right atrioventricular connection with interposition of sulcus tissue between right atrium and the rudimentary right ventricle. No patient had the much rarer abnormality of atrioventricular concordance with imperforate right atrioventricular valve. The distinction between these two abnormalities was made by cross sectional echocardiography according to previously described echocardiographic criteria.10
The position of the rudimentary right ventricle and the ventriculoarterial connection in each patient was determined by cross sectional echocardiography and angiography. Redington, Knight, Oldershaw, Shinebourne, Rigby ventricle. In this study we calculated ventricular volume from the orthogonal biplane angiograms using Simpson's rule. This is a multiple slice method which overcomes some of the geometric assumptions inherent in other methods of calculating left ventricular volume. Although no angiographic method is perfect, our method, previously described in detail, was accurate when compared with left ventricular cast volumes measured by fluid displacement. '2 Briefly, the left ventricle was divided into 40 equal slices along its long axis. The cross sectional area of each segment was assumed to be an ellipse and its major and minor dimensions were calculated from each of the angiographic views. The volume of the ventricle was derived from the sum of the volume of each slice by applying Simpson's rule (fig 1) .
Ventricular volume was measured frame by frame throughout the cardiac cycle and displayed along with its first derivative, dVol/dT (fig 2) . End diastolic and end systolic volumes were later corrected for body surface area and expressed in ml/m2. The ejection fraction was calculated in the usual way. Peak rates of ventricular filling and emptying were taken as the maximum positive and negative deflections on the first derivative of the volume-time curve and were normalised by dividing by end diastolic volume (units = s-').
Ventricular shape index This is a measure of the roundness of the outline of the ventricular cavity (fig 2) that is independent of volume. Calculated as 4x (cavity area)/(perimeter)2 x 100 it has a maximum value of 100 when the cavity outline is circular and 0 when the cavity is obliterated. The normal left ventricle shows a progressive reduction in shape index throughout systole, as it becomes a less circular shape." In this study end diastolic, end systolic, and percentage systolic change were taken as an average of the two angiographic views. ventricle with the same stroke volume and pressure change).
STATISTICAL ANALYSIS
Group data were compared by standard t tests and the null hypothesis was rejected when p < 0 05. We used linear regression analysis by the method of least squares to examine correlations between variables.
Results
No patient had important atrioventricular valve regurgitation. (p = <0-05)). Thus ejection fraction was higher in the double inlet group (74 (9) v 51 (6-5)%, p < 0-001). Furthermore, nine patients in the double inlet group had an ejection fraction of > 75% and only one patient had an ejection fraction of < 60%.
In contrast none of the patients with tricuspid atresia had an ejection fraction of > 60% (fig 3) . There were no differences in ventricular volumes or ejection fraction when patients in the various operative subgroups were compared and there was no significant relation between ejection fraction and age, age at or time from operation, or aortic oxygen saturation for either group.
The ventricular shape index at end diastole (averaged from the two angiographic views) was higher in tricuspid atresia (88) (6) v 81 (6) p < 0 05), indicating a more globular shape. Systolic shape index change in patients with tricuspid atresia was reduced (5-8 (4 3) v 18 (7)%, p < 0-001), suggesting differences in the mechanism of ejection between the two groups. There was a significant correlation between systolic shape index change and ejection fraction (all patients, r = 0-63, p < 0 02).
Peak rates of ventricular filling corrected for end diastolic volume were 5 9 (2-5) and 4 Systolic stroke work, measured by planimetry of the loops, was lower in tricuspid atresia and correlated (p < 0-05) with stroke volume and shape change (all patients, r = 0-73 and 0-7 respectively).
Discusson
Infants with univentricular atrioventricular connection account for up to 10% of symptomatic patients presenting with congenital heart disease.5 In many of these patients the condition can be palliated in early life and later such patients may be suitable for a corrective procedure. The accurate assessment of ventricular function in these patients, both before and after such procedures, is therefore of considerable importance.
Unlike the normal left ventricle, which approximates to a prolate ellipsoid, the left ventricle in these patients may vary considerably in size, shape, and position. Whatever method of measurement is used, these factors are likely to ifuence the results when assessing ventricular function from angiograms. In particular, the application of algorithms derived for the measurement of normal left ventricular volume from single plane angiograms is not valid. In this study we used a computer assisted method to measure left ventricular volume from biplane angiograms usmg a modificaton of Simpson's rule. Redington, Knight, Oldershaw, Shinebourne, Rigby ventricles resulted from myocardial fibre shortening. It is possible that disruption of the normal myocardial fibre architecture, because of the absence of an atrioventricular connection, reduces the ability ofthe ventricle to change its cavity volume by changing shape. Indeed the ejection fraction and change in shape index were normal in a single patient studied with atrioventricular concordance and an imperforate right atrioventricular valve but otherwise similar haemodynamic function to classic tricuspid atresia (unpublished). The significant linear relation between change of shape and ejection fraction in our patients further supports this concept but cannot exclude a common, unrecognised, aetiological factor.
Frame by frame analysis of ventricular volume shows further differences in both systolic and diastolic indices of function. The peak rate of ventricular filling was significantly lower in patients with tricuspid atresia than in those with double inlet left ventricle. It is clear, however, that peak filling rate is higher in those with a double inlet than previously published normal values.'" It is possible that peak filling rate is higher than normal in these patients because the ventricle is filling through two atrioventricular valves. There was a significant relation between the RR interval and peak filling rate in the double inlet group (r = 073), however, and it is likely that the increase in peak filling rate was related to the relatively high heart rate in these patients. There was no haemodynamic evidence of inflow obstruction in our patients with tricuspid atresia, either across the atrial septum or across the left atrioventricular valve, and so filling was probably impaired when compared with normal. The time to peak filling rate was also reduced in these patients and this combination of an early yet reduced peak rate of ventricular filling is similar to that seen in adults with a raised end systolic volume and reduced ejection fraction secondary to ischaemic cardiomyopathy.2' Despite the abnormalities described above the left ventricular pressure-volume loops showed a coordinate phase-relation between pressure and volume in most patients, and, apart from a single patient with reduced pulmonary blood flow and severe systemic desaturation, the cycle efficiency of the loops was normal. Systolic stroke work, equal to the area enclosed by the pressure-volume loop, was higher in the group with double inlet left ventricle simply because ofthe higher stroke volume in these patients.
The implications ofthese findings for corrective or radical palliative surgery are unclear. It has been suggested that normal preoperative ventricular function is an essential prerequisite for the Fontan operation or its modifications.' Yet the survival of patients after these procedures appears to be higher in patients with tricuspid atresia than in those with double inlet left ventricle.8 It seems that in most young patients undergoing Fontan-like procedures preoperative ventricular function is not a primary determinant of survival. It is possible that the influence of preoperative ventricular function will vary depending on the type of atrioventricular connection, however. Furthermore, it is not known how preoperative ventricular function will affect performance in the survivors of these operations. We have increasing evidence that cardiac output and exercise tolerance are reduced after the Fontan procedure2" but there are little data relating these findings to measurements of preoperative ventricular function. A large scale longitudinal study of these patients would help to answer some of these questions.
Our results show that ventricular function in patients with tricuspid atresia is often worse than in those with double inlet left ventricle. These abnormalities are more likely to be related to structural differences rather than to differences in haemodynamic function or the effects of previous palliative operation. The higher survival after the Fontan operation of patients with tricuspid atresia suggests that ventricular function is not a primary determinant of outcome after this procedure. 
